INTRODUCTION
A number of decapod species distributed from temperate to subtropical regions are known to differ in life history traits between high and low latitude regions, e.g., breeding period (Wada, 1981; Fukui, 1988; Yau, 1992; Henmi, 1993; Kawachi et al., 2006) and size at maturity (Jones and Simons, 1983; Hines, 1989; Castilho et al., 2007; Orensanz et al., 2007) . None of these works, however, has elucidated seasonal surface activities from periodical observation of crabs' activities. Regional variation of coupling mode has also not been so far clarified.
The fiddler crab Uca arcuata (de Haan, 1835), which inhabits salt marsh or mangrove swamps in the upper intertidal zone (Ono, 1965; Ohno et al., 2006a) , is found in Japan, Korea, China, Taiwan, and Vietnam (Crane, 1975; Sakai, 1976; Kim and Kim, 1982; Fukui et al., 1989; Huang et al., 1989; Dai and Yang, 1991; Kosuge et al., 1997) . Its northern distribution occurs at the highest latitude recorded for any species in the genus. Many ecological studies have been conducted on U. arcuata, including larval distribution at river mouths (Uno and Nakano, 2002) , habitat use (Ohno et al., 2006a) , relationship between distribution and vegetation (Ohno et al., 2006b) , population structure (Shih, 1990; Otani et al., 1997) , courtship (Murai, 1992) , and the chimney building behavior (Wada and Murata, 2000) . However, comparisons of life history traits between temperate and subtropical populations have so far been overlooked.
Analyses of genetic structure in U. arcuata from six localities in Japan and two in Taiwan (Aoki et al., 2008) demonstrated low genetic variability in the population from Okinawajima, which was genetically differentiated from other populations. Such differentiation is likely to promote variation in ecological traits, thereby leading to the unique life history traits in the population from Okinawajima.
Additionally, U. arcuata has been designated as a Near Threatened species by the Environmental Agency of Japan because of habitat loss and declining population numbers (Takeda, 2006) . Information on life history traits in local populations is important to assist conservation plan for such a species.
In this study, we compared life history traits including growth, size at maturity, breeding period, seasonal changes in surface activity, and mating behavior mode at one temperate locality and one subtropical locality in Japan. We found interpopulation variations, which are discussed from the perspectives of habitat conditions and population characteristics.
MATERIALS AND METHODS

Study Sites
The Yoshinogawa River (Yoshinogawa), located in southeastern Shikoku Island, Japan (34u59N, 134u349E; Fig. 1 ), is characterized by many intertidal mud flats and salt marshes. The present investigation was carried out on a tidal flat (locally named Sumiyoshi-Higata) approximately 2 km upstream from the river mouth. The tide there is semidiurnal and the range is +101 cm to 2122 cm relative to the mean sea level. A concrete embankment bound the landward side of the tidal flat. Air temperature during the study period (April 2007 to April 2008) ranged from 20.5 to 33.9uC and the salinity of underground water two hours following low tide from 0.64 to 2.75 psu.
The Shinko Area (Shinko) of Nakagusuku Bay is located on the southeastern coast of Okinawajima Island, Ryukyu Archipelago (26u209N, 127u519E). The investigation was carried out on a tidal flat characterized JOURNAL OF CRUSTACEAN BIOLOGY, 30(4): 607-614, 2010 by mangroves. The tide there is semidiurnal and the range is +117 cm to 2151 cm relative to the mean sea level. During the study period (April 2007 to April 2008 , air temperature ranged from 15.8uC to 29.7uC. The salinity of underground water at low tide ranged from 1.27 to 3.70 psu.
Seasonal Changes in Population Structure and Surface Activities
A study area for periodic observations was established on each of the tidal flats at Yoshinogawa (area: 6.90 ha, intertidal height: 0.90-1.40 m above mean tidal level) and Shinko (area: 0.17 ha, intertidal height: 1.28-1.92 m above mean tidal level). Over the course of 1 year, monthly recordings of surface activities of U. arcuata in the study areas were made during a five-hour period encompassing daytime low tide for two or three days around spring tide (Yoshinogawa: April to November in April in 2008; Shinko: April 2007 to April 2008 , because the crabs are most active on the ground in the daytime low tide of spring tide (Wada and Murata, 2000) .
The scan sampling method was applied to record the behavior of active crab, i.e., foraging, aggressive encounter, courting, waving and other. Courting includes the male's chasing of the female, the male's attempt to copulate with the female, and the male's probing into the female's burrow. The behavior, body size and sex were scanned for respective active crabs on the fixed area successively, without double-sampling, during 1 h and this procedure was proceeded four times per day. Sex was determined from features of the cheliped and carapace width (CW) was estimated by eye. Before the scan sampling, the observers were trained to measure the carapace width by eye and confirmed that their measurement errors were less than 2 mm. At Shinko, crabs smaller than 4 mm CW were omitted because small U. arcuata was indistinguishable from co-occurring Uca dussumieri (H. Milne Edwards, 1852). The proportion of crabs engaged in each behavioral category was averaged on each day and monthly values were obtained by averaging the daily values. The effects of locality, sex and month to the proportion of crabs performing each behavioral category were tested by general linear model by JMP 8.0 (SAS Institute, 2009 ). Monthly population structures were determined from the data obtained by scan sampling when the number of crabs observed was the greatest for each month to minimize the effect of some parts of the population being underground. Sex ratio of active crabs was calculated as the total number of males observed divided by that of females, and the operational sex ratio of active crabs was as the number of the mature males observed divided by that of mature females observed during the breeding season. Mature crabs were defined as those larger than the minimum sizes of a mating pair observed in each locality.
Number and Size of Eggs
Ovigerous females collected in the field were fixed in 10% formalin (15 from Yoshinogawa; 4 from Shinko) and examined to measure egg size and number. We measured the carapace width of each female with hand calipers to the nearest 0.1 mm. A small portion of the egg mass was taken from each female, weighed, and the number of eggs in the mass counted under a microscope. The total number of eggs was then estimated by weighing the entire mass and extrapolating based on the sub-sample weight and number. Ten eggs were taken from each ovigerous female to estimate egg size; the maximum and minimum diameters of each egg was measured under a microscope and the values averaged.
Mating Behavior
Field observations of mating behavior were conducted at daytime low tide during the breeding period (Yoshinogawa: May to August in 2008 and July in 2009; Shinko: June to September in 2007). The total duration of observations was 113 h at Yoshinogawa and 60 h at Shinko. When coupling such as copulation on the mud surface (surface coupling) or entry of a male and a female into the same burrow (underground coupling), or courting behavior by a male toward a female was observed, the sequential events were recorded, as well as approximate carapace widths of the male and the female (estimated by eye). Body size relationships between a courting male and its target female, and between copulating male and female were tested by Spearman's rank correlation analysis.
RESULTS
Population Structure
At the Yoshinogawa River, a total number of 1599 crabs (987 males, 537 females and 75 immature) were observed on the ground during the study period. The largest males and females (up to 36 mm CW) were observed in April. The sex ratio of active crabs (male/female) ranged from 1.09 to 4.89 (mean 6 SD 5 2.11 6 1.12; n 5 9). The operational sex ratio of active crabs (mature male/mature female) ranged from 0.95 to 1.39 (mean 6 SD 5 1.11 6 0.25; n 5 3). Monthly changes in size structure (Fig. 2) showed that crabs smaller than 2 mm CW appeared from August through November, peaked in September, and thereby suggesting recruitment. A shift in peak size suggests such recruits grew to approximately 10 mm CW by the following April (approximately 16 mm CW in May and July), in their second year. In August, this group merged with the preceding group, forming a single peak that could be traced until July the following year. Males and females were regarded as fully grown at approximately 28 mm CW and 24 mm CW, respectively, in the summer of their third year (2 years old). Additionally, a small number of unsexed crabs (8 mm CW) were observed in June and July.
At Shinko, a total number of 1453 crabs (899 males, 542 females and 12 immature) were observed on the ground during the study period. The largest males and females (up to 32 mm CW) were observed in April. The sex ratio of active crabs (male/female) ranged from 1.02 to 2.94 (mean 6 SD 5 1.76 6 0.62; n 5 12), which was not significantly different from that of Yoshinogawa (t test, t 5 20.91, P 5 0.38). The operational sex ratio of active crabs (mature male/mature female) ranged from 1.02 to 2.90 (mean 6 SD 5 1.71 6 0.83; n 5 4), which was not significantly different from Yoshinogawa (t test, t 5 1.17, P 5 0.30). Monthly changes in size structure (Fig. 3) showed that crabs smaller than 6 mm CW appeared from October through December, thereby suggesting recruitment. A shift in peak size suggests recruits grew to approximately 16 mm CW by the following April to June. In July, this group merged with the preceding group, forming a single peak that could be traced until June the following year. Males and females were regarded as fully grown at approximately 22 mm CW in the summer of their third year (2 years old).
Seasonal Changes in Surface Activity
Most active crabs undertook foraging during the study period at Yoshinogawa and Shinko (Fig. 4) . At the former locality, foraging activities by both sexes were high from May to October but low in April and November. At Shinko, foraging activities by both sexes were constantly high throughout the year. General linear model test revealed that proportion of foraging crabs were affected significantly by locality (F 5 91.19, P , 0.01), and sex (F 5 195.27, P , 0.01), but not by month (F 5 0.01, P 5 0.94) (overall model: F 6,450 5 50.18, P , 0.01), being higher at Shinko than at Yoshinogawa and higher in females than in males. The interaction between locality and sex (F 5 4.12, P , 0.05), and between sex and month (F 5 6.44, P , 0.05) were also significant.
Little seasonal variation in the frequency of aggressive encounters was evident, except for females at Yoshinogawa, which showed a higher frequency in August to October than in May to July (Fig. 4) . General linear model test revealed that the proportion of aggressive encounter was affected significantly by locality (F 5 45.17, P , 0.01) and sex (F 5 122.89, P , 0.01), but not by month (F 5 1.22, P 5 0.27) (overall model: F 6,450 5 34.21, P , 0.01), being higher at Yoshinogawa than at Shinko and higher in males than in females. The interaction between locality and month (F 5 9.61, P , 0.01), and between sex and month (F 5 9.26, P , 0.01) were also significant.
Mating behavior was observed from April to July, peaking in June at Yoshinogawa, while it was from June to September and February to March, peaking in August and in February, respectively at Shinko (Fig. 4) . General linear model test revealed that the proportion of mating males was affected significantly by locality (F 5 10.54, P , 0.01), but not by month (F 5 0.20, P 5 0.66) (overall model: F 3,158 5 10.59, P , 0.01), being higher at Yoshinogawa than at Shinko. The interaction between locality and month was not significant (F 5 0.01, P 5 0.96). Pair formation for surface coupling or underground coupling was observed in May (n 5 2), June (n 5 1) and July (n 5 1) at Yoshinogawa. In Shinko, surface coupling was observed in June to September, and February and March (n 5 21), but none of underground coupling was observed. Waving was observed from June to August, peaking in July and April at Yoshinogawa (Fig. 4) , almost coincident with the period of courtship behavior. The body size of the waving males ranged from 22 mm to 32 mm CW (mean 6 SD 5 28.41 6 2.34 mm CW). At Shinko, waving was observed in all months, except October and November, and was frequent in June to August and February (Fig. 4) when courting was frequent. The body size of the waving males ranged from 12 mm to 30 mm CW (mean 6 SD 5 22.27 6 4.35 mm CW). General linear model test revealed that the proportion of waving males was affected significantly by locality (F 5 23.24, P , 0.01) and month (F 5 7.00, P , 0.01) (overall model: F 3,168 5 11.34, P , 0.01), being higher at Yoshinogawa than at Shinko. The interaction between locality and month was also significant (F 5 12.49, P , 0.01).
Brooding
Ovigerous females were collected from June to August at Yoshinogawa (n 5 15; body size 19.6 to 29.6 mm CW) and from July to August at Shinko (n 5 4; body size 17.7 to 25.1 mm CW). The number of eggs per brood at Yoshinogawa ranged from 12,544 to 81,042. Log egg number per brood was linearly related to log female carapace width (Fig. 5) . At Shinko, the number of eggs per brood ranged from 11,514 to 32,824 (n 5 4). The average longest and shortest diameters (6 SD) of new eggs was 0.26 6 0.02 mm and 0.25 6 0.01 mm, respectively, at Yoshinogawa (n 5 100), and 0.27 6 0.03 mm and 0.24 6 0.03 mm, respectively, at Shinko (n 5 40). There were no significant differences between localities (t test; longest diameter: t 5 0.38, P . 0.05; shortest diameter: t 5 21.20, P . 0.05).
Modes of Mating Behavior
Significant correlations were found between carapace widths of courting males and those of target females at Yoshinogawa (r s 5 0.58, n 5 67, P , 0.01), but not at Shinko (r s 5 0.53, n 5 10, P . 0.05) (Fig. 6) . The surface coupling was common at the both localities, whereas the underground coupling was observed only at Yoshinogawa. At Yoshinogawa, the body sizes of surface coupling pairs (n 5 24) ranged from 20 to 32 mm CW (mean 6 SD 5 24.25 6 2.85) in males and 18 to 28 mm CW (23.00 6 2.57) in females. In the underground coupling (n 5 13), the body size ranged from 24 to 32 mm CW (mean 6 SD 5 27.00 6 2.63) in males and 22 to 26 mm CW (24.67 6 1.56) in females. The body sizes of pairs in the surface coupling were smaller than in the underground coupling (Mann-Whitney's U test: males: Z 5 2.48, P , 0.05; females: Z 5 2.18, P , 0.05). A significant correlation existed between the carapace widths of both sexes exhibiting surface coupling (r s 5 0.57, n 5 24, P , 0.01) (Fig. 6) . At Shinko, all observed coupling was of the surface type (n 5 21), with body sizes ranging from 12 to 28 mm CW (mean 6 SD 5 19.78 6 3.98 mm) in males and 14 to 30 mm CW (20.22 6 4.33 mm) in females. A significant correlation existed between the carapace widths of both sexes (r s 5 0.69, n 5 17, P , 0.01) (Fig. 6) .
DISCUSSION
The present study demonstrated regional differences in reproductive period. Mating behavior was observed only in the late spring/summer season at Yoshinogawa (April to July), while it was observed over two separate periods (June to September and February/March), resulting in a longer breeding period overall, at Shinko.
Some crustaceans distributed over both temperate and subtropical regions are known to have breeding periods occurring in winter (south of the Ryukyu Archipelago) and summer (Japanese mainland) (Wada, 1981; Fukui, 1988; Yau, 1992; Henmi, 1993; Kawachi et al., 2006) . Uca arcuata in Taiwan has been reported as having two peaks of gonad somatic index (June and February) during a single year (Chang et al., 1985) , suggesting two breeding periods. Life history traits incorporating two breeding periods appear to be common in subtropical populations of U. arcuata.
The maximum body sizes in the temperate population at Yoshinogawa (36 mm CW in both sexes) were greater than those of the subtropical population at Shinko (32 mm CW in both sexes). Additionally, the minimum body sizes of copulating pairs and ovigerous females were also greater in the population from Yoshinogawa than in the population from Shinko. In another temperate population of Ohno River (western Kyushu Island, Japan, 32u389N, 130u409E) (Otani et al., 1997) , the maximum body sizes as well as the minimum ovigerous body size were similar to those of the population from Yoshinogawa. Maturity appears to be reached in the third year at the Yoshinogawa and Ohno River (Otani et al. 1997 ), but in the second year at Shinko, the subtropical population apparently maturing earlier at a smaller body size.
Latitudinal gradients in the maximum body size, and size and age at maturity have been observed in some other crustacean species (Jones and Simons, 1983; Hines, 1989; Wada, 1991; Henmi, 1993; Castilho et al., 2007; Orensanz , 2007) . Such variations have been related to water temperature, air temperature, and temperature-photoperiod interactions (Annala et al., 1980; Armitage and Landau, 1982; Jones and Simons, 1983) . A clear inverse relationship between size at onset of maturity and water temperature was observed among populations of rock lobster Jasus edwardsii (Hutton, 1875) in New Zealand (Annala et al., 1980) . Those authors suggested that high summer temperatures were favorable for growth, but even more favorable for ovarian development, resulting in maturation at a smaller size and an earlier age in areas with higher summer temperatures. The higher temperature in winter at Shinko was conducive towards surface activities of U. arcuata, including foraging, whereas the lower winter temperatures at Yoshinogawa and the Ohno River prohibited such activities. Subtropical temperature conditions may also be favourable for ovarian development, as in Jasus edwardsii, and responsible for the smaller mature size and earlier maturation in the Shinko population.
At Yoshinogawa, a low number of small-sized juveniles (8 mm CW) were found in early summer, distinct from the main recruitment period, suggesting a supply of larvae from other, earlier-breeding populations, such as at Okinawajima or Taiwan (Chang et al., 1985) . A larval supply from Taiwan is a reasonable possibility considering that that population differs little in genetic structure from that at Yoshinogawa (Aoki et al., 2008) . Another possible explanation for the occurrence of juveniles in the early summer is that they were recruited in late autumn and overwintered with less growth.
At both Yoshinogawa and Shinko, females foraged more frequently than males, whereas aggressive encounters were more frequent in males. Male waving was observed in the breeding season at the both localities. Sexual differences in surface activities were thus common to both localities.
The occurrence of waving in the breeding season suggests some relationship between waving and mating. The proportion of waving males, however, differed between localities, being lower at Shinko than at Yoshinogawa. Interpopulation differences in the proportion of waving males may be related to local variations in coupling type among localities, since males exhibiting underground coupling initially perform waving, which is not always the case for surface coupling males (Watanabe, unpublished). Accordingly, waving is more important for Yoshinogawa, which exhibit both underground and surface coupling, compared to Shinko males, which limit themselves to surface coupling.
Habitat conditions or predation risk are likely to influence coupling type (Gross, 1991; Godin, 1995; Koga et al., 1998) . Distinctive habitat difference between Shinko and Yoshinogawa includes the vegetation in surrounding areas (mangroves vs. reed marsh). In addition, other fiddler crab species, including Uca dussumieri, U. perplexa (H. Milne Edwards, 1837), and U. crassipes (Adams and White, 1848) co-occur in Shinko, but are absent at Yoshinogawa. Mangrove prop roots and burrows of other fiddler crab species may present physical difficulties for a male U. arcuata guiding a target female into its burrow for underground coupling. Accordingly, male U. arcuata at Shinko may have reverted to surface coupling as the easier option.
Local differences in predation risk are unknown, although two grapsoids, Helice tridens De Haan, 1835 and Parasesarma plicatum (Latreille, 1806) , have been observed preying upon U. arcuata at Yoshinogawa (Kuroda et al., 2005) . Despite the lack of predatory observations at Shinko, some grapsoid crabs, such as Helice formosensis Rathbun, 1931 , occur in nearby Nakagusuku Bay and could influence populations at Shinko. If the predation risk is greater at Shinko than at Yoshinogawa, the apparent absence of underground coupling at Shinko is reasonable, since it becomes less frequent under high predation pressure (Koga et al., 1998) .
Density of local populations may also be responsible for variations in coupling type (de Rivera et al., 2003) . In Uca beebei Crane, 1941, which exhibits both surface and underground coupling, the latter becomes more frequent under high densities because of an increase in the number of wandering females (de Rivera et al., 2003) . In U. arcuata underground coupling took place with wandering females, whereas surface coupling occurred with burrow-holding females (Watanabe, unpublished). Thus, male U. arcuata may adopt underground coupling when wandering females are abundant, as in U. beebei. The population density (number of individuals on surface/m 2 ) at Yoshinogawa (mean 6 SD 5 9.05 6 3.72; Iguchi et al., 1997) was greater than at Shinko (mean 6 SD 5 5.00 6 3.94; Aoki et al., 2009 ) (t test, t 5 2.66, P , 0.05, d.f. 5 28), though time difference between the two researches is large, lending weight to this interpretation.
The operational sex ratio of mature adults during the breeding period would also influence coupling type. If the ratio is greatly male-biased, the opportunity for males to encounter females would be less, leading to surface coupling involving males' searching for females. The operational sex ratio observed in the two localities, however, was not significantly different each other. The local variation in coupling type, therefore, could not be caused by the operational sex ratio. The influence of population density or sex ratio on mating tactics in U. arcuata needs to be confirmed by field manipulative experiments.
